In this paper, a novel control scheme for a spin-coater machine is presented, based on Passivity and Sliding Modes. The machine is used to make semiconductor thin films with a centrifugation force. A brushless direct current motor was selected as an actuator, its mathematical model is presented, including the mechanical and electrical dynamics. The control objective is the rotor speed regulation, with maximum acceleration. Taking advantage of the energy properties of the system, a sliding manifold is selected and, in order to reject the matched perturbations, the Integral Sliding Modes technique is applied. Then, with the unperturbed system, a passivity feedback is applied, to guarantee the stability around the desired equilibrium point. To complete the control scheme, an observer is included to estimate the unmeasurable estates. To prove the effectiveness of the proposed control scheme, it was implemented in a spin-coater machine and compared with a gain scheduled PID. The experimental results show a good performance of the closed-loop system, in spite of perturbations.
I. INTRODUCTION
In the synthesis and development of thin films with new materials there are some procedures used in a laboratory. One of the most important methods is the spin-coating technique, which is used to apply thin and uniform films on flat substrates, in general glass sheets. This procedure consists of four stages: 1) Deposit, 2) spin up, 3) spin off, and 4) evaporation. The first three steps must be carried out sequentially, and the fourth occurs during the first three stages, and corresponds to the main mechanism in the thinning of the film. In the deposit step, an amount of substance, containing a new material mixed with solvent, is supplied on the center of a substrate. According to the spin-coater user needs, the substrate could have different dimensions, it is placed and held on a spinning disk and is maintained by using a tape or a vacuum pump, where the last suction method is preferred because it is safer. An excess in the solution is supplied to avoid inconsistencies in the film and the total evaporation of the solvent before reach the desired thickness [1] .
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In the first stage, the substrate could stay static or spinning with low speed, typically 500 RPM. The second step corresponds to spin up, where the angular speed is incremented. Depending on the desired thickness and applied solution, the angular speed could be as high as 10,000 RPM, and must be controlled with high precision, without variations, to guarantee the film quality and achieve repeatability in the results. In the second step, the substrate is totally covered with the deposited material. The angular speed provokes that the exceeded material can be eliminated by means of the centrifugal force. Once the desired angular speed is reached, the spin off step starts. In the third step, the user selects the time in which the substrate will be rotating at the steadystate speed that depends on the material density and desired thickness. According to the material properties, several spin up and spin off steps could be required by the user. The evaporation step occurs during the entire process, since the deposit step. The fourth step is concluded with a thermal treatment to retire the excess of solvent. Then, the spincoater machine must have the flexibility to be programmed with several speed increments, with different time in every selection and high precision. The angular speed must have a wide range, starting at low speed and reaching high speed, which is required by the procedure, in this case it can reach up to 10,000 RPM. Moreover, substrates with a considerable variety of dimensions must be installed in a secure way [1] .
In [2] a low cost spin coater machine is presented, where a brushed DC motor was used. However, the use of this actuator has some disadvantages, for example, it could not be applied for a wide range of thin films because of its limited speed range. Moreover, the number of spin up and spin off steps are limited to one, and the open loop controller does not offer robustness under perturbations. In [3] , a closed-loop controller for a spin-coater machine was presented, but the substrate angular speed range is limited due to the use of a brushed DC motor. An AC motor was implemented in [4] , but the speed range is limited again.
To avoid the disadvantages of the brushed DC motors, a Brushless DC Motor (BLDC) could be used [5] , [6] . In [7] , [8] , the BLDC was applied in spin coater machines with classical linear controllers. Moreover, the entire BLDC operation region corresponds to a nonlinear manifold. Then, the application of linear controllers over a wide range of the angular speed could not guarantee stability of the system and/or satisfactory performance of the closed loop system, because the controller is tuned around a neighborhood of a single equilibrium point [9] . Moreover, these machines are limited to a single spin up and spin off steps, which could reduce the flexibility.
In order to avoid the disadvantages of the linear controller with a fixed gain, the Gain Scheduling technique can be applied, dividing a complete nonlinear region in small linear regions [10] . Gain scheduling technique has been applied in electromechanical systems, however, the tuning could be difficult due to it is necessary to adjust several parameters [11] . Furthermore, nonlinear control techniques could be applied to the BLDC motor, including adaptive control [12] , intelligent control [13] , [14] , backstepping [15] and other techniques like torque control [16] . However, the controllers presented were implemented in several applications, different from the spincoater machines, which need different requirements and are subject to different conditions. Additionally, sliding modes (SM) control technique offers robustness against parameter variations and external disturbances, which can be done with fast response [17] . This methodology can be applied to linear and nonlinear systems, and consists of two parts. The first part is to design a sliding manifold in which the closed-loop system has the desired properties. In the second part a discontinuous control law is selected to enforce the trajectories of the system to converge to the sliding manifold. If the manifold is designed as a function of the nonlinear operation region, it is possible to cope the nonlinear behavior of the system [18] . Sliding mode controllers have been applied in electrical machines [19] - [23] . In particular, a controller based on sliding modes for electric power systems was presented in [24] , taking into account a passivity model. Although the electrical machine in [24] corresponds to a synchronous machine, as in this work, the dynamical behavior is different and lacks of experimental results. Moreover, in [25] the sliding modes control technique was applied to a spin-coater machine, however, the block control technique was used in the sliding manifold design, which cause the cancellation of some nonlinear terms that could contribute to the system stability.
In this paper a spin-coater machine to make thin films is presented. The mechanical stage is composed by a spinning disk to attach a substrate from 1'' to 5'' with a vacuum pump, a transparent cover, a mobile arm to hold the solution dispenser and a housing to install the components. A BLDC was selected as the actuator, due to the high-speed range. The electronic stage is composed of a three-phase power inverter, with a discrete time control scheme, embedded in a microprocessor with Advanced RISC Machine (ARM) architecture. Moreover, a user Human Machine Interface (HMI), including a matrix keyboard and an LCD is considered. The embedded algorithm enables to configure until three spin up and three spin off steps with different steady-state speed and time. This combination enables to cope with the nonlinear operation region of the BLDC from 500 RPM to 10,000 RPM, and presents some advantages over the commercial spin coater machines. The main contribution of this paper is a novel control scheme, including a state observer, considering the passivity approach [26] and the integral SM control [18] , taking into account the spin-coater machine designed and implemented. In order to guarantee a high performance in the thin films making, the complete dynamics of the BLDC machine are described by a seventh order mathematical model. The control objective is the regulation of the rotor speed with the maximum acceleration. A positive definite Hamiltonian function is formulated as the sum of the mechanical and electrical energies, and the BLDC dynamics are presented in the Hamilton form. A nonlinear sliding manifold is formulated, taking into account the passivity approach, where the speed control error tends to zero. The former approach is able to avoid the elimination of the electrical torque terms, as in some feedback linearization techniques, to obtain the system stability. Moreover, the integral SM technique guarantees robustness of the closed-loop system with respect to the matched uncertainties [18] . Combining integral SM and passivity approaches it is possible to stabilize the closed-loop system and, moreover, to reject the unknown and bounded matched perturbations, which enables a high performance of the spin coater machine, to make a high quality thin films, with a high angular speed range and flexibility. Finally, the unmeasurable estates of the system are estimated by an observer. To show the effectiveness of the proposed control scheme, it was implemented in the developed spin-coater machine, with an embedded system composed by a 32 bits ARM microcontroller. Furthermore, a gain scheduling PID controller is implemented, to compare the performance of the proposed controller and show the advantages in the closedloop system.
The rest of the paper is organized as follows. In Section II some important issues in the implementation of a spin-coater machine are introduced. Section III presents the mathematical In Section VI, a gain scheduled PID is designed. The experimental results are presented in Section VII, followed by conclusion, in Section VIII.
II. SPIN-COATER DEVELOPMENT
The spin-coater machine development includes the mechanical stage, electronic stage and embedded control scheme. In this section the mechanical and electronic stages are presented. Then, in Section V, the proposed passivity with sliding modes control algorithm is presented.
A. MECHANICAL STAGE
In this stage, the BLDC mounting structure, spinning disk, housing and protective cover are presented. The BLDC mounting was made of aluminum 6061, due to its mechanical properties and availability. The spinning disk has five concentric circumferences with diameters from 1'' to 5'' and it was made of aluminum 6061, which was selected by the low weight that reduces the mechanical torque in the BLDC motor. In order to cope with substrates with several sizes and forms, five diameters are included in the disk. The substrate must cover completely a circle with the proper diameter. An o-ring is installed in a circumference, depending on the substrate size, to hold the disk when the vacuum pump starts, avoiding air leaks. In Fig. 1 , the BLDC motor housing with the spinning disk is presented.
Taking into account the mechanical design, a rotary actuator was selected. Based on the computed mechanical requirements, that is, the angular speed, angular acceleration and inertia constant, it follows where T m is the mechanical torque and P is the required power at 10,000 RPM. Then, the selected actuator was the three phase Maxon BLDC 449464, the parameters are shown in Table 1 .
B. ELECTRONIC STAGE
The electronic stage consists on the power stage, and control stage. In the case of the power stage, the BLDC motor is a three phase synchronous machine with a permanent magnet rotor. As a consequence, there are some rotating magnetic fields in the rotor with the commutation functions in the stator [27] . The rotor speed can be measured through Hall sensors, located inside the motor housing. The selected Maxon 449464 BLDC has three Hall effect sensors and the rotor has seven pole pairs, so, there are seven pulses in every sensor per revolution. The output resulting from the sensors corresponds to a sequence of six states that represents the relative rotor position. The electronic power stage consists of three branches with power MOSFETs, every branch supply the voltage to a BLDC phase [27] . The commutation signals required are generated in the electronic control stage, by the speed controller. The proposed control scheme, as well as a gain scheduled PID, was implemented in an electronic embedded system based on a 32 bits microcontroller Atmel SAM3X8E, ARM Cortex -M3 CPU. The proposed control scheme requires the speed estimation, which is compared with the reference speed. The reference speed is defined by the user, there are until three different steps of speed, with different period. These parameters are introduced through the user interface, composed of a matrix keypad and a liquid crystal display. The rotor speed is estimated in the microcontroller, considering the square signal provided by the Hall sensors, which are inside the BLDC. With the previous characteristics of the spin-coater, the proposed nonlinear robust control scheme via passivity with integral sliding modes was developed. In addition, a gain scheduled PID was designed to compare the performance of the proposed control scheme. The results obtained are shown in the next sections.
III. PLANT MODEL
In order to develop the mathematical model of the BLDC, consider that the machine is a symmetrical and balanced system and the mechanical torque input, T m , can be defined as a constant function of time, that isṪ m = 0.
A. BLDC MODEL
After the Park's transformation and considering the Kirchhoff and Faraday laws, the electrical equilibrium equations of a BLDC can be written in a matrix form as follows [27] 
where
and v q are the stator direct and quadrature axis voltages, respec-
field current, i g , i kd and i kq are the rotor damping windings currents, i d and i q are the stator direct and quadrature axis cur-
λ f is the field flux, λ g , λ kd and λ kq are the rotor damping windings flux linkages, λ d and λ q are the stator direct and quadrature axis flux linkages; R dq = diag r f r g r kd r kq r s r s , r f is the field resistance; r g , r kd and r kq are the rotor damping windings resistances, r s is the stator resistance and
In addition, the flux linkages vector λ dq is defined as
Furthermore, L d and L q are the stator direct and quadrature inductances, respectively; L f is the field inductance, L g , L kd and L kq are the rotor windings inductances; L md and L mq are the direct and quadrature magnetization inductances, respectively.
Then, taking into account (1) and (2) the flux linkages, λ dq , dynamics can be rewritten as follows
The mechanical dynamics for the BLDC are governed by [27] 
where ω and ω b are the rotor speed and the synchronous speed, respectively, J m is the inertia constant, b m is the friction constant and T e is the electromechanical torque, which can be expressed as a function of the stator linked fluxes and stator currents, as follows:
In the next subsection an additional representation is introduced, based on the Hamiltonian function.
B. PASSIVITY BASED MODEL
Based on the energy properties of the BLDC, a Hamiltonian mathematical representation of the model (1) -(5) is presented. Considering the increment of the energy around and equilibrium point of the BLDC, the Hamiltonian function can be expressed as follows [26] , [28] 
where H m is the mechanical energy and H e is the electrical energy. The mechanical energy can be presented as a quadratic function of the rotor speed:
Furthermore, the electrical energy can be expressed as quadratic form of the rotor fluxes, that is,
where λ dq,ss is the steady-state vector for λ dq . The, from (7) and (8), the energy function (6) is defined as
with A Hi = J mi 0 0 L dqi and x as the state vector:
Then, from (2), (4) and (6)-(10) the Hamiltonian BLDC model is finally written as [28] 
is the excitation voltage around the equilibrium point, J (x) is a skew-symmetric matrix that is composed by the state interconnections:
R is a positive definite matrix, which contains the dissipative terms: R = diag b m r f r g r kd r kq r s r s ,   and g(x, t) is a vector that includes the perturbation terms, e.g., parameter variations and external disturbances due to changes in the electrical network. In this case, the perturbations can be written as variations in the excitation current, that is:
Furthermore, from (6) - (9) , and taking into account that i dq = d/dtλ dq [26] , the derivative ∂H (x)/∂x of (10) can be calculated as
which leads to the passive output
The increment of the field current i f − i f ,ss in (13) can be found by using (2) and computed as a function of the increment in the fluxes:
IV. PASSIVITY WITH SLIDING MODES CONTROL
The passivity with sliding modes approach is described in this section. At first, the passivity property is introduced [26] : Definition 1: Given the supply rate r (x) = u T y (x), a system is passive with respect to the output y (x) if there exists a continuous differentially function H (x), called storage function, such that
Consider the class of nonlinear systems that can be presented in the Hamiltonian form with dissipative terms [26] , as in the BLDC system (11), i. e.
where x ∈ R n is the state vector, u∈R is the control input, y (x) ∈ R is the output, g (x, t) is the perturbation term, which includes parameter variations and external disturbances, H (x) is the Hamiltonian function that represents the increment of the energy around an equilibrium point, J (x), is a skew-symmetric matrix, which includes the states interconnections and R (x), which contains the dissipative terms, is a symmetric positive-definite matrix. In the case of the unperturbed system, i. e., with g (x, t) = 0 in (15), if the Hamiltonian energy function H (x) corresponds to a positive definite function, the passive output feedback
is able to stabilize the system around the origin, x = 0 [26] . However, when the perturbations are presented, as in (15), the control law (16) lacks of robustness. Therefore, in this paper, to add robustness to the control law (16) , the integral sliding modes is proposed, to develop the Passivity with Sliding Modes (PSM) technique.
Consider the following assumptions: H1. The Hamiltonian (14) is a positive definite function. H2. The BLDC nominal parameters of the pin-coater are known.
H3. The perturbation term g i (x i , t) in (15) fulfils the matching condition, such that there exists a functionḡ (x, t), which satisfies
Under Assumptions H.1 -H.3, the BLDC control scheme is proposed, to add robustness with the respect to the matched perturbation term g i (x i , t).
According to the Integral Sliding Modes (ISM) technique [18] , to reject the perturbation term g i (x i , t) in (15), the control input u in (1) is redefined as
where the second part, u 1 , is chosen to reject the perturbation term g (x, t) and the first part, u 0 , is selected to stabilize the system (15), A sliding manifold is designed as
with σ ∈ R as an integral vector. From (15) and (17), the sliding mode motion on the manifold (19) can be written as:
where the dynamics forσ (t) are selected to eliminate the nominal terms in (20) , that iṡ
Then, the equation (20) becomeṡ
The second part of (18), u 1 , is chosen as
Thus, under the condition
a SM motion is achieved on the manifold s (x, t) = 0, (19) , since t = 0 that is presented aṡ
with u 1,eq as the equivalent control computed fromṡ (x, t) = 0, (22), i. e., u 1,eq = −ḡ (x, t) .
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Finally, the first part of the control input (18) , u 0 , in (25) is chosen as a classical passive output feedback, as in (16) . Now, the following result can be established: Theorem 1: If the Assumptions H.1 -H.3 holds, the solution of the closed-loop system (15) with (18) tends asymptotically to its steady-state value.
Proof.
Based on the previous procedure, choose the second part of (18), u 1 , as in (23), with (19) and (21) . Under the Assumption H.3, and the condition
the equivalent control, calculated as
compensates exactly the perturbation term g (x, t) in (15) since the first instant of time, t = 0 [18] . Then, the system (15) becomes to the unperturbed system (25) .
On the other hand, considering the first part of (18), u 0 , in (25) , as
the closed-loop system stability can be achieved by using the Lyapunov function
Taking into account the power balance [26] dH
represents the energy dissipation due to the resistive elements. Then, considering (26), it follows:
Finally, under the Assumption H.1, the derivative (29) is negative definite and, thus, the solution of the closed-loop system (15) with (18) tends asymptotically to zero.
V. SPIN COATER CONTROL
Now, the previous result will be applied to the BLDC in the spin-coater machine, to consider the control objective, that is, the spinning disk speed regulation. Moreover, to complete the control scheme an observer is included to estimate the unmeasurable estates, i. e., the increment around the equilibrium point of the rotor fluxes.
A. SPEED CONTROL
Following the procedure defined in the Section IV, the control law u in (11) is redefined as
where the first part u 0 is selected to stabilize the rotor speed and the second part, u 1 , is chosen to reject the perturbation vector g (x, t) in (11) . Now, to propose the second part of (30), an integral SM sliding variable s is defined as
From (31) and, under the Assumption H.3, it followṡ
or, equivalently, choosingσ (t) as in (21) and with σ (0) = −H (x (0)), it followṡ
The control input u 1 in (33) can be defined as in (23), i. e,
Under the condition k 1 > |ḡ (x, t)|, a sliding mode motion is induced on s (x, t) = 0 from t = 0. Then, the equivalent control u 1,eq = −ḡ (x, t), calculated from (33), rejects exactly the perturbation termḡ (x, t), and (11) is reduced to the unperturbed systeṁ
The first part of the control input (35), u 0 , is selected as in (16) , that is
It is important to note that the Hamiltonian function, H (x), is presented as a function of the state vector x, such that that H (x) > 0, for all x = 0. Moreover, all the nominal parameters of the BLDC are known, from the datasheets of the Maxon 449464 and experimental validation. Then, the Assumptions H.1 and H.2 are fulfilled. Thus, from the Theorem 1, the solution of the closed -loop system (11) with (30) converges asymptotically to zero.
Remark 1: Regarding the initial condition required by the ISM, that is, σ (0) = −H (x (0)), for the BLDC in the spin-coater machine, the initial values vector x (0) can be calculated, considering that the mechanical torque is constant and known. Moreover, the speed desired value of the spinning disk is selected by the user. Then, with the computed initial values vector, the SM motion is given since t = 0. As a matter of fact, in the general case, the initial values vector x (0) could be difficult to obtain, as a consequence σ (0) = −H (x (0)).
In the spin-coater case, the proposed control scheme (34) enables the closed-loop system trajectories convergence to the manifold (31) in a finite time, [17] .
B. STATE OBSERVER
In the previous subsection, the spin-coater speed controller was developed considering that the state vector was available to measurement. However, the rotor fluxes are not available for measurement, then, an observer is required to estimate these variables.
Suppose that the stator voltages, v di and v qi , and rotor speed, ω i , can be measured. Then, considering (3) and (10), an observer for the spin-coater is presented as followṡ
where the vectorx dq is composed of the estimates of the BLDC fluxes errors,x dq = x 2x3x4x5x6x7 T and
0 .
In order to analyze the convergence of the observer (37), a linear system with time-varying parameters can be obtained from (3), and (37), which represents the error dynamics, as:
The eigenvalues of the matrix RL −1 dq are real and negative, as a consequence, the matrix is Hurwitz. On the other hand, A o (t) is a skew-symmetric matrix. Then, the system (38) is asymptotically stable [11] .
VI. GAIN SCHEDULED PID CONTROLLER
In order to compare the performance of the proposed control scheme, a linear gain scheduled PID controller was designed. According to [11] , the gain scheduling technique can be summarized in the following steps:
1. Divide the entire operation region in some small manifolds, such that every subsystem can be reduced to a linear one.
2. Design a family of parameterized linear controllers for the set of manifolds.
3. Define a gain scheduled controller in such a way that each linear controller stabilizes the system around the equilibrium point without error.
4. Verify the gain scheduled controller performance with the family of local controllers for the complete operation region by means of simulations and experimental results.
Then, with the stated methodology, a gain scheduled PID controller was designed. In the case of step one, considering that the spinning disk requires a minimum speed of 500 RPM and a maximum of 10,000 RPM, six manifolds were defined on the BLDC operation region, which are presented in Table 2 . It is important to note that the intersection of the manifolds corresponds to an empty space and the complete operation region is covered completely. Next, for the step 2, the parameterized family of linear controllers chosen for the BLDC is a classical PID and the control input generated is described by the following expression:
where u (t) is the BLDC control input, e (t) is the control error given by the difference between the BLDC reference value and measured output, K p,j ∈R + is the proportional gain, T i,j ∈ R + is the integral time constant, T d,j ∈R + is the derivative time constant, j = 1, 2, 3, 4, 5, 6 represents the corresponding subindex for the j th manifold. Thus, a family of PID controllers can be parameterized by means of the positive constants K p,j , T i,j and T d,j . Finally, for the step 3, the scheduled PID parameters for the control scheme are given in Table 3 , which were tuned considering a root locus methodology, in the middle point of the corresponding manifold and were adjusted heuristically in the spin coater machine, considering the maximum acceleration.
VII. EXPERIMENTAL RESULTS
In order to prove the effectiveness of the propose control scheme, it was implemented in the spin-coater machine developed. In the figure 2, the schematic diagram applied for the implementation of the closed-loop control scheme given by (30) and (37) is shown. The three phase output terminal voltages (v a , v b , v c ) and currents (i a , i b , i c ) are measured in the generator, which are sent by the abc to dq0 transformation block, due to the proposed control scheme was developed take into consideration that reference frame. The transformed values v d , v q , i d and i q are obtained from the state observer and the speed controller. The estimation of the rotor fluxes vectorx dq is computed by the observer, with the transformed measurements. These values and the rotor speed, measured directly from the BLDC, are used by the Passivity with Integral Sliding Modes controller, to compute the control signal. Then, the dq0 to abc transformation block is needed to obtain the control input value in the abc reference frame. The parameters of the control scheme are computed off-line.
In order to obtain a uniform thickness in the film, the process must have maximum acceleration and regulation of speed, without steady state error, overshoot or oscillations. Then, taking into account those requirements, the parameters of the proposed control scheme were tuned to obtain the minimum stabilization time, without overshoot. The experimental results obtained with an initial value in the speed of 500 RPM and a reference speed value of 4,000 RPM are presented. In order to compare the performance, the responses for the proposed control scheme and the gain scheduled PID are included.
The performance of the closed loop (11) with the proposed control scheme (30) and (37) is presented in figure 3 , as well as the response of the gain scheduled PID.
Some important highlights are underlined: a) The proposed control scheme is able to stabilize the rotor speed around the desired equilibrium point, in this case 4,000 RPM, in 3.2 s, considering a band of 5%. On the other hand, the stabilization time with the gain scheduled PID is 4.3 s. In the process of making films it is important to reduce the stabilization time to achieve the maximum acceleration. b) The response obtained with the proposed controller corresponds to an overdamped system, without an overshoot. However, the stabilization time is reduced by 1.1 s, compared to the PID. In the case of the gain scheduled PID, an underdamped response is obtained, with an overshoot of 2.5%. As it was mentioned previously, in the making of thin films is better to have an overdamped response, without incrementing the stabilization time, to produce a better result. c) The proposed control scheme does not present oscillations in steady-state. The gain scheduled PID presents oscillations. It is possible to obtain a homogenous thin film only if oscillations are avoided. d) The proposed control scheme is able to stabilize the system in the complete nonlinear operation region of the BLDC. Then, it is not necessary to use different controllers in different linear subsystems, as in the gain scheduled PID. In this way, it is easier to tune the parameters of the proposed control scheme. e) In order to verify the robustness of the proposed controller under parameter variations, the winding stator resistance was reduced 4% and the inertia constant was incremented 3%. The responses with these perturbations are presented in figure 4 . The response obtained with the proposed control scheme is the same as in the unperturbed case, which shows the robustness under parameter variations in the closed loop system. On the other hand, with the perturbed system, the response of the gain scheduled PID presents a steady-state error of 3%. f) Since the BLDC has three windings, the three voltages are supplied through the power converter. The control input to the power converter corresponds to three PWM signals with constant frequency and variable duty cycle. The electronic embedded system generates the corresponding PWM signal, based on the computed duty cycle, provided by the speed controller that are shown in figure 5 , for the proposed control scheme and the gain scheduled PID. Again, the proposed controller presents a response without oscillations and overshoot. On the other hand, the gain scheduled PID presents oscillations and overshoot. It is important to note that, at the beginning, both control signals are similar, due to a slow starter for the BLDC was included, to avoid excessive start currents and prevent damages in the electronic components. Moreover, at the begging, both controllers increment the value of the duty cycle until the 100%, to adjust it gradually until the correct value. In the case of the gain scheduled PID, the duty cycle is saturated by 1.9 s, while in the proposed control scheme is 0.6 s, about the 30% compared with the PID.
Since it is important to reach the reference speed faster, the parameters of both controllers were tuner to obtain the maximum acceleration. The saturation levels are consequences of the gains chosen. However, although there are saturations in the control signals, the control objective is achieved. Moreover, note that the chattering is low, due to the control law (30) is a combination of discontinuous and continuous functions. It is worth mentioning that several experiments were carried out, considering different equilibrium points, initial speed values and spin off times and a good performance was obtained with the proposed control scheme.
The developed spin coater machine, which includes the Passivity with Sliding Modes closed loop proposed control scheme, was tested to prove its effectiveness in making thin films, in the Laboratory of Environment and Renewable Energy of Centro Universitario de los Valles, Universidad de Guadalajara.
Two examples are presented to prove the effectiveness of the spin-coater machine developed. The results were obtained by using an Atomic Force Microscope (AFM). On the one hand, in the figure 6, is presented a thin film composed of carbon nanotubes and pheophorbides. In this film, a drop of the substance was supplied to a muscovite mica substrate, which was rotating to 2,500 RPM during 5 s, to produce groups of carbon nanotubes. On the other hand, figure 7 shows a thin film composed of carbon nanotubes and porphyrins. The spin coater machine enables to distribute and fix the carbon nanotubes uniformly. The same technique was applied, i.e., 2,500 RPM during 5 s. The AFM result presents the carbon nanotubes and porphyrins as brilliant points.
VIII. CONCLUSION
A novel robust nonlinear control scheme to a spin-coater machine was developed, with a BLDC motor. The control objective is the rotor speed regulation. The mathematical model includes the electrical and mechanical dynamics. The Hamiltonian model was presented. In order to achieve the rotor speed regulation in the complete nonlinear operation region of the BLDC motor, a Passivity with Sliding Modes technique was applied. At first, based on the Hamiltonian model, the perturbations were rejected, by applying the Integral Sliding Modes technique. Then, a passive feedback was selected to guarantee the closed-loop system stability. Finally, to complete the control scheme, an observer was introduced, to estimate the unmeasurable estates. A compre-hensive stability analysis of the complete control scheme was presented.
The proposed control scheme, was implemented in a spincoater machine, to prove the effectiveness. Moreover, the proposed control scheme was compared with a gain scheduled classical PID. The experimental results show a good performance of the proposed Passivity with Sliding Modes controller, since the speed response did not present overshoot and steady state error, with good stabilization time, in spite of perturbations.
